We investigate the effect that the temperature dependence of the crystal structure of a two dimensional organic charge-transfer salt has on the low-energy Hamiltonian representation of the electronic structure. For that, we determine the crystal structure of κ-(BEDT-TTF)2Cu2(CN)3 for a series of temperatures between T = 5 K and 300 K by single crystal X-ray diffraction and analyze the evolution of the electronic structure with temperature by using density functional theory and tight binding methods. We find a considerable temperature dependence of the corresponding triangular lattice Hubbard Hamiltonian parameters. We conclude that even in the absence of change of symmetry, the temperature dependence of quantities like frustration and interaction strength can be significant and should be taken into account.
I. INTRODUCTION
The two-dimensional organic charge-transfer salts based on bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF or even shorter ET) molecules in a κ-type lattice arrangement have been intensively studied over the past thirty years due to their complex interplay between electron correlation and the effects of low dimensionality and spin frustration. 1 In particular, the discovery of spin-liquid behavior in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 2 has fascinated experimentalists and theorists alike. Issues of current interest concern the nature of the lowtemperature spin-liquid realized in this material [3] [4] [5] and the various anomalies observed upon approaching the spin-liquid state from high temperatures. These anomalies include drastic changes in the 1 H-NMR relaxation rate around 200-150 K 6 , the thermopower at 150 K 7 , relaxor-type ferroelectricity around 60 K 8 and a mysterious phase-transition anomaly at 6 K 9 . The latter feature, which manifests itself in anomalies in thermodynamic 2, 3 and transport 4 quantities, is accompanied by pronounced lattice effects. 9 Various scenarios have been suggested for the 6 K anomaly including a crossover from a thermally to a quantum disordered state 3 , an instability of the quantum spin-liquid 3,10-16 or a distinct type of charge ordering. 17 Theoretically, the spin-liquid properties have been investigated on the basis of the anisotropic triangularlattice Hubbard Hamiltonian. 12, [18] [19] [20] [21] The parameters t, t ′ and U of this Hamiltonian have been determined with semi-empirical 7 as well as first principles methods 22, 23 based on the experimental structure at room temperature. Missing in such investigations is, however, the consideration of a possible temperature dependence of the model parameters.
In this work, we find by a combination of single crystal X-ray diffraction at various temperatures and density functional theory calculations that even in the absence of structural phase transitions, the temperature dependence of the structural parameters is significant enough to influence the electronic behavior and the determination of the Hamiltonian model parameters in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 . We suggest that this has subtle effects on the degree of frustration and interaction strength.
In 1991, the crystal structure of κ-(BEDT-TTF) 2 Cu 2 (CN) 3 was first reported, 24 and the unit cell parameters confirmed, 25 on twinned crystals at room temperature. The crystal structure was redetermined in 1993, also on a twinned crystal at room temperature. 26 The crystal structure of the very similar κ ′ -(BEDT-TTF) 2 Cu 2 (CN) 3 structure, which is reported to be an ambient pressure superconductor, was described in 1992. 27, 28 The crystal structure of the κ phase was subsequently redetermined in 1997, 29 and the unit cell redetermined in 2001, both at room temperature.
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Already in 1991, the unit cell parameters were reported at 300 and 30 K, with a (30 K) /a (300 K) = 0.9964, b (30 K) /b (300 K) = 0.9932, and c (30 K) /c (300 K) = 0.9900, and β (30 K) /β (300 K) = 1.0146. 31 Our comparable contraction values between 300 and 20 K are a (20 K) /a (300 K) = 0.9988, b (20 K) /b (300 K) = 0.9958, and c (20 K) /c (300 K) = 0.9905, and β (20 K) /β (300 K) = 1.0148 and agree well with the previous results. In addition, we find evidence for an ordering of the ethylene groups in a staggered conformation between 200-150 K. Despite the current interest in this material as a spin-liquid candidate, no low-temperature structural determinations have yet been reported. Herein, we present a detailed characterization of the crystal structure as function of temperature determined on a single crystal with agreement factors better than any previously reported.
was placed onto the tip of a glass fiber and mounted on a Bruker APEX II 3-circle diffractometer equipped with an APEX II detector. Temperature control in the 100-300 K region was provided by an Oxford Cryostream 700 Plus Cooler while below 100 K it was provided by a Cryocool-LHE cryogenic system (Cryo Industries of America). The sample temperature below 100 K was confirmed by installing a Cernox thermometer (Lakeshore) in the immediate vicinity of the crystal and stabilizing the temperature immediately prior to data collection. In order to reduce adverse thermal effects the thermometer wires (twisted manganin wires, 0.5 mm diameter, supplied by Lakeshore) were anchored on the surfaces of the cryostat exposed to 4 He stream. The data were collected using MoK α radiation (λ = 0.71073Å) with a detector distance of 50 mm. Unit cell parameters were determined upon cooling in 10 K increments between 100 and 290 K, with a frame exposure time of 10 seconds. Full data sets for structural analysis were collected at temperatures of 5, 20, 100, 150, 200, 250 and 300 K. The uncertainties in the temperature determination are typically ±0.2 K down to 100 K, while for the 20 K and 5 K data points an error bar of ±1 K has to be accepted. These data collections nominally covered over a hemisphere of reciprocal space by a combination of three sets of exposures. Data to a resolution of 0.68Å were considered in the reduction. The raw intensity data were corrected for absorption (SADABS 32 ). The structure was solved and refined using SHELXTL.
33 A direct-method solution was calculated, which provided most of atomic positions from the E-map. Full-matrix least squares / difference Fourier cycles were performed, which located the remaining atoms.
All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms were placed in ideal positions and refined as riding atoms with relative isotropic displacement parameters.
As a representative example, in Fig. 1 we show the structure of κ-(BEDT-TTF) 2 Cu 2 (CN) 3 at a temperature of T = 5 K. In the bc plane, the BEDT-TTF molecules form their typical κ-type arrangement. One of the cyanide (CN − ) groups resides on an inversion center, thus requiring it to be disordered with a 50% carbon and 50% nitrogen distribution on these two atomic positions 24 . Analysis of the low-temperature structural data (see Tab. I) indicates that overall, a, b and c-axes decrease with temperature while the β angle increases monotonically upon cooling. We find that the orthogonal projection of the a-axis, a ⊥ = a sin β, has the greatest relative contraction with temperature. One ethylene group is disordered at room temperature with a staggered conformation 77% of the time. As the temperature is lowered, the ethylene group remains partially disordered down to a temperature of 200 K and is fully ordered in a staggered conformation at 150 K. The anion layer becomes slightly more buckled at low temperature: at room temperature, the Cu1 atom lies 0.050Å out of the C11-C12-N12 plane, increasing to 0.072Å at low temperature. For the purpose of performing density functional theory calculations, the original symmetry of P 2 1 /c has been lowered to P 2 1 by choosing one of two possible orientations of the CN − group in the inversion center.
FIG. 1: Structure of κ-(BEDT-TTF)2Cu2(CN)3 at T = 5 K. Note that the disordered CN
− group in the inversion center is only shown in one conformation.
III. TEMPERATURE-DEPENDENT STRUCTURAL PARAMETERS
In Fig. 2 , we show the evolution of the lattice parameters with temperature. Over the large investigated temperature range from T = 300 K down to T = 5 K, the volume is monotonously decreasing with temperature (see Fig. 2 (a) ). The monoclinic angle β between a and c lattice vectors (see Fig. 2 (b) ) first rapidly increases upon cooling down to a temperature of T = 200 K, below which it increases more gradually. In Fig. 2 (c) , the lattice parameters are displayed as symbols, normalized by their values at T = 20 K (see Tab. I). We also include the relative b and c lattice constants along the two principal axes as obtained by thermal expansion measurements in Refs. 9 and 34. The out-of-plane expansivity data shown there were taken in a direction perpendicular to the bc plane. They are show together with the corresponding quantity from the X-ray diffraction measurement, a ⊥ = a sin β. TABLE I: Crystal data and structure refinement of κ-(BEDT-TTF)2Cu2(CN)3. Formula = C23H16Cu2N3S16; formula weight MW = 974.43, monoclinic, wavelength λ = 0.71073Å, effective number of electrons in the crystal unit cell contributing to F(000) = 978, space group P 21/c, Z = 2. Residual factor for the reflections R1 = |Fo| − |Fc| / |Fo|; weighted residual
is the percentage of ethylene groups that are in the staggered conformation. dCu−NNC (Å) is the distance that the Cu(I) ion is out of the plane defined by the coordinated N, N and C atoms. The ET tilt angle ϑ is measured against the bc plane. d intradimer is the orthogonal distance between BEDT-TTF dimers.
IV. TEMPERATURE-DEPENDENT ELECTRONIC STRUCTURE
In the following, we determine the electronic properties for the resolved crystal structures at different temperatures by employing the all-electron full-potential local orbitals (FPLO) 35 basis. We perform all calculations on a (6×6×6) k mesh with a generalized gradient approximation functional. 36 In Fig. 3 we present the electronic band structures for the various crystal structures. In the calculation, we used the staggered (majority) conformation of the BEDT-TTF molecules at all temperatures. The changes as function of temperature for the two bands at the Fermi level, corresponding to the antibonding combinations of the BEDT-TTF highest occupied molecular orbital (HOMO) levels, are relatively small. On the other hand, the occupied bands down to −0.7 eV below the Fermi level show a significant dependence on temperature. These bands derive from the bonding combination of BEDT-TTF HOMO levels and from the Cu 2 (CN) 3 − anion layer. Overall, these bands show a bandwidth that decreases with increasing temperature. This can be explained by the volume increase as function of temperature (see Fig. 2 (a) ).
Further analysis of the electronic structure requires a reliable identification of the bands deriving from the BEDT-TTF molecules. For that purpose, band weights have been calculated for all structures and added up for all atoms corresponding to the BEDT-TTF cation layers and to the Cu 2 (CN) 3 − anion layers, respectively. In Fig. 4 , blue circles and orange triangles stand for a predominance of BEDT-TTF weight and Cu 2 (CN) 3 − weight, respectively. This identification allows us to fit the BEDT-TTF derived bands to a tight binding Hamiltonian
where c † iσ (c iσ ) create (annihilate) an electron with spin σ at site i; the sites correspond to the positions of the BEDT-TTF molecules, shown as balls in Fig. 5 . While a good overall fit of the band structure can be achieved by including six neighbor BEDT-TTF molecule distances up to d = 9.4Å, a very good fit describing also the small dispersion along the B − Γ direction, as shown by lines in Fig. 4 , requires fourteen neighbor distances up to d = 14.5Å.
We now proceed to analyze the temperature dependence of the tight binding parameters corresponding to the network of BEDT-TTF dimers that are highlighted in Fig. 5 . These dimers form a triangular lattice, with the hopping parameter t ′ connecting dimers to chains along the b direction and the hopping parameter t forming the 2D connections in c direction. We are interested in estimating the parameters of the Hubbard Hamiltonian for the anisotropic triangular lattice where < ij > and [ij] indicate summations over nearest and next-nearest neighbors, respectively. t and t ′ can be obtained from the molecular overlap integrals t 2 to t 4 by considering the geometrical formulas
For the definition of the overlap integrals t n = t i−j , see Ref. 22 . Note that inclusion of longer-range hopping into these formulas (for example including t 5 into t ′ ) has no influence on the results reported in the following. 
V. DISCUSSION
Fig. 6 summarizes our findings from the tight binding analysis. The nearest-neighbor hopping parameters t, forming a square lattice, increase upon cooling down to a temperature of T = 200 K, then decrease again (see Fig. 6 (a) ). The frustrating hopping parameters t ′ show the opposite behavior as a function of temperature, decreasing upon cooling down to a temperature of T = 150 K, then increasing. Interestingly, these two effects enhance each other when we consider their ratio t ′ /t as shown in Fig. 6 (b) ). t ′ /t which quantifies the degree of frustration in the system decreases from t ′ /t = 0.82 at T = 300 K to t ′ /t = 0.80 at T = 150 K, then increases to a maximum value of t ′ /t = 0.86 at T = 5 K. A rough estimate for the Coulomb interaction strength U can also be extracted from the dimer approximation U ≈ 2t 1 where t 1 is the BEDT-TTF intradimer hopping integral (see Fig. 6 (c) ). We find that the measure of the interaction strength U/t estimated in this way monotonously falls by 7% as the temperature is increased from T = 5 K to T = 300 K.
In order to rationalize the observed temperature dependence of the Hamiltonian parameters in (2) we analyze the crystal structure in more detail. For that purpose, we determined the orientation of the BEDT-TTF molecules in space by finding the plane of the TTF part of the molecule and measuring its angle with respect to the bc plane, cf. inset of Fig. 7 . This yields the inclination of the BEDT-TTF molecules against the anion layer shown as squares in Fig. 7 and the intradimer distance shown as circles (see also Table I ). Both quantities show a nearly monotonous increase over the studied temperature range. The decreasing intradimer distance explains the increase of the intradimer hopping integral t 1 with decreasing temperature. Apparently, the nonmonotonous evolution of the overlap integrals t, t ′ , especially the distinct extrema in both quantities around 150 K to 200 K, has to be of different origin.
The overall trend can be understood by considering the temperature dependence of the lattice parameters; from Fig. 5 it is clear that changes in the b lattice parameter should have an impact on t ′ , while changes in c should affect t. In Fig. 7 (b) , we see that the c/b lattice parameter ratio decreases with temperature down to T = 150 K, then increases with falling temperature until T = 20 K. This has an immediate impact on the degree of frustration t ′ /t as it should be approximately proportional to the c/b ratio. Indeed, comparison of Fig. 6 (b) and Fig. 7 values at low temperatures in excess of those at room temperature, is an interesting finding which may help to better understand the intriguing low-temperature magnetic and dielectric properties of this material. Here we mention the distinct types of charge ordering, accompanied by dielectric anomalies, proposed in Ref. 17 for the present material as a result of an increasing degree of frustration.
The nonmonotonous evolution of the in-plane distortion c/b, which adopts a minimum around 150 K, might be related to the ordering of the ethylene groups, uncovered in the present study.
37 According to our structural analysis, the fraction of ethylene groups, ordered in the staggered conformation, gradually grows from 77% at room temperature over 86% at 250 K to 93% at 200 K. For temperatures below 150 K, the ordering is complete within the accuracy of our analysis/refinement. The large step size of 50 Kelvin employed in this study does not allow to determine the ordering temperature more pre- cisely. Likewise, we cannot say whether or not the ordering occurs continuously or sets in abruptly. An argument in favour of the latter possibility might be derived from a small step-like feature revealed in thermal expansion measurements around 150 K, see the out-of plane data shown in Fig. 1 of Ref. 9 . We stress, that a fully ordered staggered ethylene conformation below 150 K and a progressively disordered state above 200 K, is fully consistent with the anomalous behavior revealed by 1 H-NMR measurements between 150-200 K.
6 The strong increase in (T 1 T ) −1 above 200 K was attributed to thermally activated vibrations of ethylene groups. 6 We suggest that the nonmonotonous temperature dependence in t ′ /t might also be related to the drastic change in the thermopower around 150 K. 7 The thermopower is related to the energy derivative of the density of states at the Fermi level. 38 However, for a strongly correlated system like κ-(BEDT-TTF) 2 Cu 2 (CN) 3 , density functional theory is not sufficient for the calculation of this quantity and more elaborate many-body calculations -which are beyond the scope of the present study -have to be done.
In summary, we performed an analysis of the temperature dependence of the structural and electronic properties of κ-(BEDT-TTF) 2 Cu 2 (CN) 3 by considering a combination of X-ray diffraction at various temperatures and density functional calculations. Our study shows that the temperature dependence of the structural parameters has significant influence on the electronic properties and results in a nonmonotonous behavior of the degree of frustration. Of special relevance is the increase of frustration at low temperatures in comparison to the behavior at room temperature. 
